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ABSTRACT: In order to take deep look into the interaction between wave, ocean and atmosphere around the typhoon 
center, a high-resolution three-dimensional wave-ocean-atmosphere coupled model is used in order to enhance the 
understanding of the coupling mechanism between the ocean, atmosphere, wave at the typhoon center, including the 
dynamic procedure of the restratification of the upper ocean around the center of the typhoon and its relationship with 
the typhoon strength. The component models consist of the Weather Research and Forecasting (WRF) model, the 
Simulating Waves Nearshore (SWAN) model, and the Regional Ocean Modeling System (ROMS). The three models 
are coupled with the Model Coupling Toolkit. Using the idealized simulations, the role of the air-sea fluxes on the upper 
ocean structure and its relationship with the typhoon strength are investigated. Through this study, the dynamic 
processes of the typhoon center is understood, which provides a scientific basis to improve the accuracy of typhoon 
forecasting model, has an important scientific significance as well as the practical value. 
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INTRODUCTION 
Typhoon is strongly coupled to ocean mixed layer 
and surface waves through momentum, heat, and 
moisture exchanges at the air-sea interface. In a typhoon 
system, the atmospheric forcing drives sea surface waves 
and underlying ocean currents and the typhoon get the 
energy from the ocean through air-sea heat and moisture 
fluxes. The high winds and waves enhance upper-ocean 
turbulent mixing, cool sea surface temperature (SST), 
and result in a cold wake behind (Price, 1981), which, in 
turn, provides a negative feedback on typhoon intensity 
(Chan and Williams, 1987). Meanwhile the existence of 
sea surface waves modifies the structures of both the 
atmospheric and marine boundary layers, and thus 
influences air-sea momentum and heat fluxes. So it is 
necessary to employ a coupled atmosphere-wave-ocean 
modeling system to better understand the processes of 
typhoon. 
In uncoupled modeling studies, no feedback is 
considered with the SST boundary of atmospheric model 
is usually specified by observations or results from an 
ocean model, and oceanic responses are driven by 
prescribed atmospheric forcing derived from 
observations or from a stand-alone atmospheric model. 
in uncoupled atmospheric or oceanic models. As oceanic 
effects can cause both positive and negative 
contributions on typhoon intensity, the two-way coupled 
atmosphere-ocean models are needed to take into 
account oceanic feedback effects on TC intensity. Chan 
et al. (2001) pointed out that TC intensity is sensitive to 
SST, and ocean vertical temperature structure plays a 
significant role in modulating TC intensity. Although 
some hurricane-ocean coupled models adopted one-
dimensional (1D) ocean models (Davis et al., 2008), 
recent studies suggest 3D ocean models are more 
appropriate since 1D ocean models tend to underestimate 
the TC-induced sea surface cooling (Yablonsky and 
Ginis, 2009). 
The strong winds associated with a typhoon generate 
large sea surface waves, which affect sea surface 
roughness and air-sea momentum, heat, and moisture 
fluxes. Although the widely used classical Charnock 
relation implicitly expresses the surface wave effect on 
air-sea momentum flux, wave state (such as wave age) 
has also been shown to have important impacts on wind 
stress. Meanwhile wave-current interaction changes the 
wave parameters and ocean temperature, current, and 
turbulent structures which will modify air-sea fluxes and 
influence the typhoon finally. Mellor (2008) derived the 
equations for depth-dependent wave-current interaction, 
pointing out that a 3D radiation stress that varies with 
water depth should be included in wave-current coupled 
models. Wang (2011) extended their wave-current 
coupled modeling system to incorporate depth- 
dependent radiation stress and surface and bottom shear 
stresses. 
Although extensive studies on atmosphere-ocean, 
atmosphere-wave, and wave-ocean interactions have 
been carried out, our knowledge of the upper ocean 
structure around the typhoon center and its relationship 
with the typhoon strength is not yet fully exhaustive. In 
this study, we try to fill this particular gap through the 
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analysis of several ideal experiments using a coupled 
atmosphere-wave-ocean modeling system (COAWST) 
capable of simulating coupled atmospheric, wave, and 
oceanic processes. 
 
MODEL AND EXPERIMENTS DESCRIPTION 
The Coupled Ocean-Atmosphere-Wave-Sediment- 
Transport (COAWST) Modeling System (Warner et al., 
2010) is comprised of several components that include 
models for the ocean (Regional Ocean Modeling System, 
ROMS), atmosphere (Weather and Research Forecasting 
model, WRF), surface waves (Simulating WAves 
Nearshore, SWAN), a coupler to exchange data fields 
(The Model Coupling Toolkit, MCT) and a method for 
regridding (Spherical Coordinate Remapping 
Interpolation Package, SCRIP). The reader is referred to 
Warner et al. (2010) for detailed descriptions of the 
coupling methodology. 
The model domain extends 2400 × 1800 km2 
including 200 × 150 horizontal grid points with a 
uniform grid spacing of 12 km. Cartesian coordinates on 
an f plane (with f = 5 × 10-5) are used in the ROMS and 
SWAN model components. The whole domain is set on 
a hypothetical deep ocean with a uniform water depth of 
1000 m. Thus, the shallow water effects are not 
considered. The atmospheric environment is horizontally 
uniform. The ambient temperature and humidity profiles 
are derived from the monthly averaged vertical profiles 
for September at the location of (20°N, 30°W) from the 
National Centers for Environmental Prediction  
Reanalysis data. Geopotential heights are then 
determined by the geostrophic balance. A vortex with a 
maximum wind speed of 20 m/s at a radius of 80 km is 
implanted in the ambient atmosphere. Within the TC, 
temperatures are determined from the thermal wind 
balance, and geopotential heights are obtained according 
to the gradient wind balance. The temperature and 
salinity profiles presented in Fig 1 are used to initialize 
the ocean model.  
 
Fig. 1  The initial vertical potential temperature and 
salinity of the ocean 
The model components exchange variables every 10 
min, and the simulation results are output every 6 h. 
WRF contains 30 sigma levels in the vertical with the 
model top being at 50 hPa. Its time step is 60 s.. ROM 
has 21 full sigma levels in the vertical direction, with 10 
levels in the upper 100 m, and the time step for the 
baroclinic is 25 s and 30 barotropic steps in one 
baroclinic step. SWAN resolves 32 frequencies 
logarithmically spaced from 0.0418 to 0.8023 Hz and 36 
direction bands of 10° each. Its time step is 15 min. As 
for lateral boundary conditions, variables at boundary 
points are kept time-invariant for WRF, and closed 
boundary conditions are utilized for ROMS and SWAN 
To investigate the effects of air-sea interaction on an 
idealized TC system, several experiments are conducted 
in this study. Each experiment carries out a 120-h. In 
EXP1 WRF and ROMS are partially coupled with the 
SST constant, and the wave model is not coupled in. In 
EXP2the WRF, ROMS, SWANS are models are fully 
coupled. Table 1 gives a summary of the experiments 
conducted in this study. 
 
Table 1 Experiments designed 
Expriments Description 
EXP1 wrf+roms+sstconst 
EXP2 wrf+swan+roms fully coupled 
 
RESULTS AND DISCUSSION 
Because of the beta effect, the idealized TC moves 
west. From the results we can see that the simulated 
tracks for the experiments are similar indicating that the 
effect of air-sea interaction on the track of this idealized 
TC is negligible. In the EXP1, at the simulation time of 
30-h, the minimum sea level pressure (SLP) is 985 hPa, 
and maximum 10-m wind is about 30 m/s. Figure 2 
shows the SLP field and 10-m wind vector in both 
experiments at 30 h. The surface wind distribution is 
asymmetric with the maximum wind in the right side of 
the TC moving direction. A marked warm core structure 
and the asymmetry of wind structure are also evident in 
the TC vertical cross section (Fig. 3). We can see that the 
maximum wind speed of EXP2 is little larger than those 
in EXP1, similar the area with high winds (>20 m/s). It 
can also be seen from the vertical cross section 
horizontal wind speed (Fig.3).  
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Fig. 2  The simulated 30-h 10-m wind vector and speed 
and SLP for experiments (a) EXP1, (b) EXP2 
 
The strong TC winds generate large surface waves. 
The distribution patterns of significant wave height is 
EPX2 is shown in Fig. 4, with the maximum wave height 
about 10 m. Increased wind stress also enhances 
turbulent mixing in the upper ocean, leading to cooler 
cold wake (Figs. 6, 7) and deeper mixed layer (Fig. 8).  
 
 
Fig. 3  The vertical cross section horizontal wind speed 
(shading at an interval of 5 m/s) and potential 
temperature (contours every 5 °C) passing through the 
TC center at 30 h for experiments (a) EXP1, (b) EXP2 
 
 
Fig. 4  The simulated 30-h significant wave height for 
experiments (a) EXP2 
 
The Fig. 5 shows the simulated 30-h sea surface net 
heat flux (negative value means the upward flux). It can 
be seen that the upward heat flux decreases from 
1400w/m2 in EXP1 to 1200 w/m2 in EXP2, accompany 
with the area deceased. This is because of the constant 
SST boundary of WRF model in EXP1 and the enhanced 
cold wake of the EXP2. As for the oceanic responses, 
because of the strong turbulent mixing and upwelling 
driven by the TC forcing, a cold wake is generated 
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behind the TC along the storm track with the coldest 
SST located on the right side of the track (Figs. 6, 7). 
The minimum SST reaches 20°C; 8°C cooler than the 
specified SST for the ocean model initialization. The 
simulated cold wake and SST cooling are in agreement 
with previous modeling (e.g., Price 1981).  
 
 
Fig. 5  The simulated 30-h sea surface net heat flux for 
experiments (a) EXP1, (b) EXP2 
  
Fig. 6.  The simulated 30-h sea surface temperature and 
water current for experiments (a) EXP1, (b) EXP2  
 
 
Fig. 7. As in Fig. 5, but for result of 66 h 
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The minimum SST in EXP2 is about 2°C cooler than 
that in EXP1. In addition, SSC is stronger and the 
maximum SSC increased by 0.05m/s (about 4%) relative 
to EXP1. 
Figure 8 shows the evolutions of vertical temperature 
profile at the five start point in Fig. 6a. At this location, 
the vertical temperature structure is kept almost 
unchanged for the first 6 h before the effect of the TC is 
felt. Up to the 18-h the upper 50 m is mixed well as 
turbulent mixing is increased by the strong winds and 
waves induced by the TC. In the fully coupled EXP2 the 
18°C mixed layer is about 10m deeper than that of EXP1. 
After the passage of the TC, near-inertial current behind 
the TC results in a near-inertial oscillation of the mixed 
layer. Till 84-h the SST is get warm again with the result 
of 22°C.  
The atmosphere-wave-ocean coupling strengthens 
the TC, it changes the distribution of surface wind as 
well as other atmospheric forcings such as air-sea heat 
fluxes, and the wave and oceanic responses to the TC 
change accordingly. 
In Figs 9 and 10 the vertical ocean structure around 
the typhoon center is illustrated. The xy views are sliced 
at 18m and 35m below the surface respectively. In the 
center, the ocean temperature is mixed well with the 
mixed depth equal to 60 m. Meanwhile, the larger 
temperature difference is found around the left and right 
side of the typhoon path at the 35 m depth. 
 
  
FIG. 8. Evolutions of vertical potential temperature (ºC) 
structure at the location of green five start in Fig. 7(a) for 
experiments (a) EXP1, (b) EXP2 
 
Fig. 9  The simulated 30-h ocean temperature at the 
section of X=1452 km, Y=1140 km, Z=-18 m for 
experiment EXP2 
 
 
Fig. 10  The simulated 30-h ocean temperature at the 
section of X=1452 km, Y=1140 km, Z=-35 m for 
experiment EXP2 
 
SUMMARY AND CONCLUSIONS 
In this study, a coupled atmosphere-wave-ocean 
modeling system (COAWST), which consists of WRF, 
SWAN, and ROMS, is established to study the 
atmosphere-ocean processes around the typhoon center. 
Oceanic effects, such as feedback of SST cooling and 
impact of SSC on wind stress, are included in 
atmosphere-ocean coupling. Wave-current interaction, 
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including radiation stress and wave-induced bottom 
stress, are taken into account in wave-ocean coupling. 
For the case considered in this study, the overall 
contribution of atmosphere-wave coupling strengthens 
the TC system. TC-induced SST cooling reduces upward 
air-sea heat flux, thus providing less energy for TC 
intensification resulting from the negative feedback of 
SST cooling. While considering the wave-related effects, 
the TC system is strengthened. The upper ocean mixed 
layer depth around the typhoon center is different with 
the deeper in typhoon center lower in the left side of the 
typhoon path. 
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